Shidahara et al. EJNMMI Research 2013, 3:32
http://www.ejnmmires.com/content/3/1/32

EJNMMI Research

a SpringerOpen Journal

"~ Open Access.

ORIGINAL RESEARCH

Evaluation of the biodistribution and radiation
dosimetry of the '®F-labelled amyloid imaging
probe ['°FIFACT in humans

Miho Shidahara'#', Manabu Tashiro®, Nobuyuki Okamura®, Shozo Furumoto®, Katsutoshi Furukawa®,
Shoichi Watanuki?, Kotaro Hiraoka®, Masayasu Miyake®, Ren Iwata®, Hajime Tamura', Hiroyuki Arai”,

Yukitsuka Kudo® and Kazuhiko Yanai®®

Abstract

was investigated in humans.

Background: The biodistribution and radiation dosimetry of the '®F-labelled amyloid imaging probe (['®F] FACT)

Methods: Six healthy subjects (three males and three females) were enrolled in this study. An average of 160.8
MBq of ['®F] FACT was intravenously administered, and then a series of whole-body PET scans were performed.
Nineteen male and 20 female source organs, and the remainder of the body, were studied to estimate
time-integrated activity coefficients. The mean absorbed dose in each target organ and the effective dose were
estimated from the time-integrated activity coefficients in the source organs. Biodistribution data from ["®F] FACT in
mice were also used to estimate absorbed doses and the effective dose in human subjects; this was compared
with doses of ['®F] FACT estimated from human PET data.

Results: The highest mean absorbed doses estimated using human PET data were observed in the gallbladder
(333 £ 251 pGy/MBq), liver (77.5 £ 14.5 uGy/MBq), small intestine (33.6 + 30.7 uGy/MBg), upper large intestine

(29.8 + 15.0 uGy/MBg) and lower large intestine (25.2 + 12.6 uGy/MBQq). The average effective dose estimated from
human PET data was 18.6 + 3.74 LSv/MBq. The highest mean absorbed dose value estimated from the mouse data
was observed in the small intestine (38.5 uGy/MBq), liver (25.5 uGy/MBq) and urinary bladder wall (43.1 uGy/MBa).
The effective dose estimated from the mouse data was 14.8 pSv/MBq for ['#F] FACT.

Conclusions: The estimated effective dose from the human PET data indicated that the ['°F] FACT PET study was

acceptable for clinical purposes.

\
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Background

Amyloid beta imaging

Deposits of amyloid B (Af) plaque are one of the patho-
logical observations in patients with Alzheimer's disease
(AD); AB deposition progresses at an earlier point than
the current clinical diagnostic point for this disease [1].
For earlier diagnosis of AD and the evaluation of treat-
ment efficacy, in vivo amyloid imaging using positron
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emission tomography (PET), which provides quantita-
tion and visualisation of AP deposition in the brain, is
useful. Therefore, several AB-binding probes dedicated
for PET imaging have been developed [2,3].

Most of these PET AP ligands are ''C-labelled com-
pounds {physical half life (Ty/,), 20 min), and 18F labelled
agents are being increasingly investigated owing to their
long half life (T} 5, 109.7 min). The long T}, of **F enables
several PET scans to be carried out from a single synthesis
of labelled agent and also enables its commercial distribu-
tion to any PET facility. On the other hand, the longer the
T1 of the radioisotope gets, the greater is the radiation

@ 2013 Shidahara et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Atiribution License {httpy/creativecornmons.org/flicenses/y/2.0), which permits unrestricied use, distriibution, and reproduction
in any medium, provided the original work is properly cited.
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dose exposure for the PET subject for the same adminis-
tered dose of radioligand.

Importance of radiation dosimetry
For subjects undergoing PET, internal radiation exposure
is inevitable, and the radiation dose delivered is pro-
portional to the level of radioactivity of the injected
radioligand and the number of injections. In the case of
amyloid imaging, subjects often have multiple PET scans
for diagnostic or therapeutic longitudinal monitoring of
AP aggregation in the brain. Therefore, estimation of the
radiation dose exposure from each PET radioligand and
the use of well-balanced PET scan protocols taking into
consideration subject risk and benefit are important.
Estimation of the internal radiation dose requires a time
series measurement of the biodistribution of the injected
radioligand. There are two ways to establish the bio-
distribution of a radioligand in humans: one is to extrapo-
late from data obtained in animal experiments [4] and the
other is to use data from a clinical whole-body PET study
[5]. Data extrapolated from animal experiments have been
used to estimate clinical radiation dose. However, Sakata
et al. reported that in some radioligands, there were con-
siderable differences in organ dose or kinetics between
human and animal experiments and that a whole-body
PET study would be desirable for the initial clinical evalu-
ation of new PET radioligands [6].

Previous biodistribution and dosimetry study for PET
amyloid imaging

Recently, radiation dose exposures from several PET amyl-
oid imaging agents have been reported using clinical
whole-body PET scans. One of the popular amyloid li-
gands, Pittsburgh compound B ([**C]PIB), has been exten-
sively investigated with regard to its kinetics in the human
body, and its effective radiation dose was found to be 4.74
uSv/MBq on average [7]. For '®F-labelled PET amyloid
radioligands, effective doses in humans have been reported
as follows: '®F-AV-45, 13 and 19.3 uSv/MBq [8,9);
18E_GE067, 33.8 uSv/MBq [10]; and *F-BAY94-9172, 14.7
uSv/MBq [11].

Aim of the present study

Fluorinated amyloid imaging compound ([**F]FACT) is
an '®F-labelled amyloid imaging agent developed at
Tohoku University [12]. Kudo and colleagues at this uni-
versity have previously developed a "'C amyloid imaging
agent named [M*CIBF-227 [3). [**F]FACT is derived from
[*'C]BE-227 by reducing its lipophilicity in order to re-
duce the nonspecific binding in the brain; AD patients
showed significantly higher uptake of ["*F]FACT in the
neocortex region relative to controls [12]. However, the
biodistribution of [**F]JFACT in humans has not yet been
investigated.
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In the present study, the radiation dosimetry and
biodistribution of [*®*F]JFACT was investigated in healthy
elderly subjects who are the target group for PET amyl-
oid imaging. In order to determine the discrepancy in
the estimated radiation dose between human and animal
experiments, biodistribution studies in mice involving
[*®FJFACT were also conducted.

Methods

Subjects

PET studies were performed in three healthy male and
in three healthy female volunteers (mean age + standard
deviation (SD), 76.3 + 3.2 years). Subject characteristics
are shown in Table 1. Both height and weight varied
over a wide range (146 to 175 cm and 39 to 74 kg, re-
spectively). All subjects were Japanese and were free of
somatic and neuropsychiatric illness, as determined by
clinical history and physical examination; one male sub-
ject (no. 1) had undergone a previous surgical operation
involving gallbladder removal.

This study was approved by the Ethics Committee on
Clinical Investigations of Tohoku University School of
Medicine and was performed in accordance with the
Declaration of Helsinki. Written informed consent was
obtained from all subjects after a complete description
of the study had been made.

Radiochemistry and radioligand purity

Figure 1 shows the chemical structure of **F-FACT. The
radiochemical purity of the radioligand in the present
clinical study ranged from 97.8% to 98.7% (mean + SD,
98.33 + 0.42%). The specific radioactivity ranged from
30.6 to 347.7 GBq/pmol at the time of injection (mean *
SD, 139.9 + 116.2 GBg/umol).

PET study

All whole-body PET studies were performed using a
SET-2400W scanner (Shimadzu Inc., Kyoto, Japan) in
two-dimensional (2D) mode [13]. The PET scanner ac-
quired 63 image slices at a centre-to-centre interval of
3.125 mm and had a spatial resolution of 3.9 mm full
width at half maximum (FWHM) and a Z-axis reso-
lution of 6.5 mm FWHM at centre field of view [13].

An overview of scan protocols is shown in Figure 2.
Four emission scans and two transmission scans (before
administration and intermediate emission scans) using
a ®8Ge/*®Ga source were performed, with the exception
of subject no. 1 who had three emission scans. In the
present series of PET studies and in other research pro-
jects, a 15-min PET brain scan using three-dimensional
(3D) mode was performed after the first emission scan.
At 2 min after intravenous administration of 142 to 180
MBq [**FJFACT (mean + SD, 160.8 + 14.8 MBq; injec-
tion mass, 0.77 = 0.66 ng), a series of whole-body PET
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Table 1 Information regarding the human subjects
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Sex Age (years) Height (m) Weight (kg) BMI (kg/m?) History
Subject number
1 M 77 159 612 242 Surgical removal of galibladder
2 M 78 1.62 65 248 -
3 M 77 1.75 74 242 -
4 F 70 146 39 183 -
5 F 77 1.56 60.2 26.1 -
6 F 79 1.55 56 233 -
Mean £ 1 SD 763 +£32 1.58 £0.75 592+ 116 235+27

scans were performed. The schedule for the first and
second transmission scans and the first, second, third
and fourth emission scans was as follows: 6 positions x
4 min (24 min), 6 positions x 4 min (24 min), 6 posi-
tions x 3 min (18 min), 6 positions x 3 min (18 min),
6 positions x 3 min (18 min), and 6 positions x 4 min
(24 min), respectively. The starting time of the second
emission scan was different for each subject and was on
average 55 min after the start of injection with a 5-min
SD. The time gap between bed positions was 5 s. All
emission data were reconstructed using OS-EM with it-
eration 16 and subset 2 after attenuation correction.
Scatter correction was not performed because of the use
of 2D mode data acquisition. The cross calibration factor
of the scanner (Bq per ml/cps per voxel) was determined
once per week using a cylindrical water phantom (25-cm
length and 20-cm inner diameter) filled with '*F solu-
tions and by measuring the sample activity of the '°F
solutions at the well counter (BSS-3: Shimadzu Co., Ltd.,
Kyoto, Japan) [14].

Urination was controlled before, after and during the
series of PET studies. In particular, during (15 min after
the end of the first emission scan) and after the PET
scans, subjects were asked to void. The volume and
radioactivity levels of their urine samples were measured
using a calibrated well counter.

MRI study

All subjects underwent T1-weighted magnetic resonance
imaging (MRI) scans using a Signa 1.5-T machine (Gen-
eral Electric Inc., Milwaukee, W1, USA) within a week of
the PET scans. For each position (brain, chest, abdomen
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Figure 1 Chemical structure of '*F-FACT.

and epigastric region), individual T1-weighted scans with
a voxel size of 1.875 x 1.875 x 6.000 mm (TR = 460 ms,
TE = 14 ms, image matrix = 256 x 256 x 40) were
obtained with subjects holding their breath.

Dosimetry

The Medical Internal Radiation Dose committee of the
Society of Nuclear Medicine developed the algorithm to
calculate absorbed dose D (the energy deposited per unit
mass of medium (Gy)) in organs. The basic idea is that
radiation energy from the radioisotope in the source
organ is absorbed in the target organs, and the algorithm
requires the net accumulated radioactivity in source or-
gans as an input [15]. A PET scan contributes to quanti-
tative knowledge on the whole-body distribution of
radioisotope. In the present study, the accumulated ac-
tivity in source organs was derived from PET measure-
ments and the organ volumes of the reference male or
female. The mean absorbed dose to the kth target organ
is defined as follows:

D(rk) = %A/, X S(I‘k(——)‘;,) = ]ZA() X Ty XS(i‘k*—i'],), T = Z_
y 0

(1)
where S(ry <« 1) is the absorbed dose in the kth target
organ per unit of accumulated activity in the /ith source
organ, called the S value. A & is the number of disintegra-
tions in the /ith source organ, Ag is the injected dose,
and 13, is the time-integrated activity coefficient in the
hth source organ (equal to the number of disintegrations
per unit activity administered). The effective dose E (Sv),
as defined by the International Commission on Radio-
logical Protection (ICRP) 60 [10], was obtained using the
following equation:

E=3QxwxD; (2)
1
where D; is the absorbed dose of the ith target organ, w;

is the weighting risk factor in the ith target organ, and Q
is the quality factor (Q = 1 for - and y-rays).
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Figure 2 Overview of PET scan protocols. Four emission scans and two transmission scans (before and intermediate emission scans) with a
99Ge/%®Ga source were performed. In particular, the second transmission scan was performed using a post-injection transmission scan.

2 hour

Regions of interest

The number of source organs used for region-of-interest
(ROI) drawing was 19 for male and 20 for female subjects.
A detailed list of source organs is shown in Table 2, Two
nuclear medicine physicians manually drew the ROIs
using PMOD version 3.1 (PMOD Technologies, Zurich,
Switzerland). All individual PET images and MRI images

were co-registered to the first individual PET images using
a rigid matching module of the same PMOD with a dis-
similarity function of normalised mutual information (for
MRI-to-PET cases) and the sum of the absolute difference
(for PET-to-PET cases) algorithms.

For visceral organs with extremely high uptake (liver
and gallbladder), individual ROIs were defined at a fixed

Table 2 ["®F]FACT time-integrated activity coefficients in the source organs

Organ Human (MBg-h/MBq) Mouse
Mean + 1 SD Subject 1 Subject 2  Subject3 Subject4 Subject5 Subject 6 (%BB“‘;;‘/
Adrenal gland 5.38E-04 + 2.98E-04 9.40E-04 840E-04 5.20E-04 3.70E-04 4.00E-04 1.60E-04 B
Brain 4.20E-02 + 844E-03 541E-02 3.68E-02 3.53E-02 4.87E~02 442E-02 3.26E-02 6.99E-03
Breast 840E-03 £ 437603 1.14E-03 8.25E-03 5.59E~03 1.16E-02 1.19e-02 1.19E-02 -
Gallbladder content® 2.22E-01 £ 1.05E~01 - 1.49E-01 2278~01 3.88E~01 1.16E-01 231800 -
Lower large intestine content  2.12E~02 + 2.03E-02 5.91E-02 1.06E-02 4.80E~03 2.27E-02 240E-02 5.96E-03 -
Small intestine content 8.78E~02 £ 1.08E-01 7.40E-02 3.74E-02 3.34E-02 3.06E-01 3.36E-02 425602 1.22E-01
Stomach content 671E-03 + 228E-03 5.22E-03 6.23E-03 9.29E-03 9.84E-03 4.78E-03 487603 =
Upper large intestine content  2.55E-02 + 1.89E-02 1.48E-02 433E-02 1.01E-02 499E-02 2.04E-02 885E-03 -
Heart content 1.12E-02 £ 1.51E-03 1.24E-02 1.138-02 1.02E-02 1.308-02 1.156-02 8.83E-03 3.95E-03
Heart wall 7.50E-03 £ 1.84E-03 4.63E-03 1.00E-02 8.84E-03 6.75E-03 7.28E-03 7.49E-03 2.39E-03
Kidney 1.34E-02 + 327E-03 1.32E-02 1.16E-02 153802 1.89E~02 9.59E-03 1.20E-02 9.34E-03
Liver 492E-01 £ 1.05E-01 6.28E-01 5.85E-01 4.34E-01 5.15E-01 342E-01 449E-01 1.69E-01
Lung 355602 £ 1.16E-02 3.786-02 531E-02 4.36E-02 246E-02 2.33E~-02 3.08E-02 1.17E-02
Muscle 466E-01 + 3.73E-01 9.43E-01 547E-01 797E-01 540E-02 4.12E-01 4.34E-02 1.57E-01
O\/aryb 5.53E-04 + 3.79E-05 - - - 5.70E~04 5.10E-04 5.80E-04 -
Pancreas 4.13E-03 + 9.75E-04 6.10E~03 3.62E-03 393E-03 381E-03 3.55E~03 3.76E-03 -
Red marrow 3.98E-02 + 4.33E-03 4.02E-02 3.83E-02 379802 459E~02 429602 3.34E-02 1.61E-02
Spleen 541E-03 £+ 1.74E-03 8.64E-03 4.88E-03 3.83E-03 6.01E-03 4.77E~03 4.30E-03 1.28E~03
Testis 5.776-04 + 467E-04 7.00E-04 6.10E-05 9.70E-04 - B = =
Thyroid 353E-04 + 1.55E-04 ~ 6.30E-04 3.70E-04 3.60E-04 240E-04 1.80E~04 340E-04 -
Urinary bladder contents 2.26E-02 £ 8.36E-03 1.70E-02 269E-02 1.55E-02 363802 249602 1.51E-02 6.56E-02
Uterus/uterine wall® 4.46E-03 + 190E-03 - - - 6.42E-03 2.63E-03 433E-03 -
Remainder of the body 1.17 £ 3.63E-01 7.24E-01 1.06 9.48E-01 1.08 1.51 169 208

Averaged time-integrated activity coefficient (MBg-h/MBq) for the source organs (n = 6) from the whole-body PET data (n = 6) from experiments involving human
subjects of ['®FIFACT and mice of ['®FIFACT. Averaged value among five subjects excluding subject no. 1. PAverage time-integrated activity coefficient among
female subjects (n = 3). “Average time-integrated activity coefficient among male subjects (n = 3).
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emission scan with about a 40% threshold against the
maximum counts (first emission for the liver and third
or fourth emission for the gallbladder). Then the ROI
was applied to the other emission images with minor ad-
justment of its location or shape. For the intestines, if
specific high uptake was observed, individual ROIs were
defined on each time frame of the PET images with
about a 10% threshold. If there was no specific high up-
take in the intestines, and uptake could be regarded as
uniform, individual ROIs were drawn around the corre-
sponding area.

In order to obtain a typical radioactivity concentration
within organs with less location mismatch between PET
and the co-registered MRI images (brain, breast, heart
wall, heart contents, kidney, liver, lung, muscle, bones,
spleen and thyroid), individual ROIs were drawn on co-
registered MRI images. For other low-uptake organs (ad-
renal gland, stomach contents, pancreas, ovary, uterus
and testis), individual ROIs were drawn on each time
frame of the PET images and referred to the co-
registered MRI images. To avoid a partial volume effect,
the size of the ROI for these MRI available organs was
made slightly smaller than the entire source organ. It
should also be noted that all activities in vertebrae ROIs
was assumed to be in the red marrow in the present
study.

Data analysis

Averaged time-activity curves for each organ were
obtained using the ROI values from each subject's PET
images. Because the PET images were decay-corrected at
the start of each scan during the reconstruction proced-
ure, the non-decay-corrected time-activity curves (C(t),
Bg/ml) were re-calculated. During each whole-body
emission scan, the bed position was moved from the foot
to the head (six bed positions in total). However, we
assumed that PET counts at all bed positions were
acquired at the mid-scan time. Then, individual radio-
activity concentration per injected dose Ao (Bq) was ex-
trapolated into the percent injected dose (%ID) of the
reference subject as follows:

C(t
%ID(t)reference = (ALO)> dividual X Vrcference (3)
individua

where V (ml) is the organ volume, and Viegerence is V of
the reference subject (we used a 70-kg adult male and
58-kg adult fernale as the male and female reference
subjects) [16,17]. Even though some organs such as the
intestine may change their volume over time, we used
the reference subjects’ organ volumes over the time
period of the calculation of the %ID.
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The time-integrated activity coefficient r (Bq-h/Bq) in
Equation 1 was obtained by fitting (%ID(z)) using a
mono-exponential function and integrating from time
zero to infinity. If the time-activity curve did not
converge at the last PET scan (e.g. intestines and gall-
bladder), time-activity curves were fitted using two ex-
ponential functions, and then the area under the curve
after the acquisition of the last image was calculated by
assuming only physical decay of *F and no additional
biologic clearance to be conservative [10]. The time-
integrated activity coefficient for urinary bladder content
was calculated by applying the dynamic urinary bladder
model [10] to the urine samples with a bladder voiding
interval of 2 h. The decay-corrected cumulative activity
for urine was fitted using the equation A x (1 ~ exp(-In
(2) x ¢t / 1)), where 1 is the biological decay and A is the
fraction of activity released from the body. The sum of
the time-integrated activity coefficient for the specific
organs was subtracted from the time-integrated activity
coefficient for the total body, which was calculated from
the time integral of the decaying injected radioactivity.
Then the residual of the subtraction was regarded as the
time-integrated activity coefficient in the remainder of
the body. All fitting procedures were undertaken using a
mean fit of R? of 0.93 + 0.13.

Finally, the time-integrated activity coefficient r (Bq-h/Bq)
was used to calculate the absorbed dose, D, in Equation 1
and the effective dose, E, in Equation 2. Both kinetics cal-
culations (fitting and integration) and dose estimation
were performed using OLINDA/EXM software ver-
sion 1.0 (Department of Radiology and Radiological
Sciences Vanderbilt University, Nashville, TN, USA)
[17).

Animal experiments

The experimental protocols were reviewed by the Com-
mittee on the Ethics of Animal Experiments at Tohoku
University School of Medicine and performed in accord-
ance with the Guidelines for Animal Experiments issued
by the Tohoku University School of Medicine. Estimated
radiation dose of [**FIFACT in the human subjects cal-
culated from mouse data sets was compared with those
of ["®FJFACT from human whole-body PET scans. An
average dose of 1.4 MBq of ["*FJFACT was intravenously
injected into ICR mice (age, 6 weeks; average body
weight, 30 g) without anaesthesia. In the *FJFACT
study, the mice were killed by cervical luxation at 2,
10, 30, 60 and 120 min ([**FJFACT) after administra-
tion (n = 4 at each time point). The masses of the
blood, heart, lung, liver, spleen, small intestine, kidney,
brain and urine samples were measured, and activity
was also measured using a well counter. Thigh bone and
muscle were also sampled. The average uptake of the
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radioligand into the male reference subject (70 kg) was
extrapolated as follows [18]:

%ID(¢) )

MasSorgan

O/ID - g ( mass()rg;m
o (t)hunmn - % ;massb"dY)monse X
human

MasSpody
(4)

where the bodyweight of the mouse was assumed to be
30 for [**FJFACT.

Finally, in the same manner as in the human PET data
analysis, time-integrated activity coefficients, absorbed
doses and effective doses were calculated using the
OLINDA/EXM software version 1.0. Sampled blood,
thighbone and urine were regarded as heart contents,
red bone marrow and urinary bladder contents,
respectively.

nouse

Results and discussion

Biodistribution of ['*FIFACT

Figure 3A is the coronal PET image for a single female
subject (no. 5) and demonstrates the typical bio-
distribution of [**FJFACT in the human body. The
highest accumulations of this radioligand were observed
in the gallbladder, liver, intestine and urinary bladder.
For subject no. 1, ['®FJFACT contained in the bile was
excreted from the liver to the duodenum through the
biliary tract (Figure 3B). The biodistribution pattern of
['|F]FACT in human subjects showed a predominant
hepatobiliary excretion, which is similar to what has
been observed for other amyloid ligands, such as [*'C]
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Figure 4 shows the decay-corrected time-activity curve
of the %ID for typical source organs (brain, liver, spleen,
lung, kidney, heart content, heart wall, muscle, red mar-
row, small intestine contents, gallbladder, upper large in-
testine contents and urinary bladder) from the six
volunteers and the mice experiments. A significant dif-
ference between the %ID from humans and mice was
observed in the brain, liver, spleen, heart contents, red
marrow and urinary bladder, and these differences prop-
agated the different results regarding dose estimation. In
human subjects, *F uptake in the gallbladder contents
and the intestines (Figure 4J,K,L) indicated larger indi-
vidual variations in radioactivity uptake relative to other
organs (e.g. the kidney as shown in Figure 4E). Radio-
activity uptake in the upper large intestine showed
propagation of both ligand kinetics and inter-subject
variation from the gallbladder (Figure 4KL). Scheinin
et al. previously reported that inter-subject variation in lig-
and uptake ([**C]PIB) in the gallbladder may be due to the
quality and quantity of post-injection food intake [7]. In
the present study, the subjects drank water during the
interval between the first and second PET scans. This may
have been responsible for the increase in inter-subject
variation regarding the gallbladder. Furthermore, because
the gallbladder uptake in some subjects had declined or
remained at a low level at the final time points, we as-
sumed that there was only physical radioactive decay after
the last PET scans. However, this assumption may have
led to a conservative estimation of the absorbed dose.

Figure 5 presents typical brain PET images obtained
using ["FJFACT at different time points with an

PIB, [*®F]AV-45, [**F]JGE067 and ["*F]BAY94-9172
(7,8,10,11].
A
%‘g
2-20min.  60-78min.  80-98 min.
B

2-20min.  54-72 min.

Figure 3 Decay-corrected coronal radioactivity distributions. Subject no. 5 (A} and subject no. 1 (B} at each PET measurement.
N

118-142 min.

0 [kBq/mi]

100-124 min.
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Figure 4 Decay-corrected time-activity curves of %ID. (A) Brain, (B) liver, {C) spleen, (D} lung, (E} kidney, (F) heart content, (G) heart wall, (H)
muscle, ) red marrow, (J) SI contents, (K) galibladder, (L) ULI content and (M) urinary bladder for individual hurnan (dashed black line) and
averaged mice extrapolation {n = 4 at each time point, grey line). The solid black line indicates fitted curve using exponential function from all
subjects’ data points. The urinary bladder curve indicates accumulated activity excreted at all voiding/sampling moments.

acquisition time of 3 min (first, second and third emis-
sion) and 4 min (fourth emission). There was no signifi-
cant retention of ["*FJFACT in the brain, and this may
have been because the subject was normal.

Estimated dose of ['3F]JFACT

The [*®F]JFACT time-integrated activity coefficients in
the source organs are shown in Table 2, and the
absorbed doses are shown in Table 3. The averaged
time-integrated activity coefficient for the gallbladder, as
shown in Table 2, was calculated among five subjects

excluding subject no. 1; however, in the case of the aver-
aged absorbed and effective doses, subject no. 1 was in-
cluded (Table 3).

High absorbed dose in humans was observed in the
gallbladder (333 = 251 uGy/MBq), liver (77.5 = 14.5
pGy/MBq), small intestine (33.6 * 30.7 puGy/MBg),
upper large intestine (29.8 + 15.0 pGy/MBq) and lower
large intestine (25.2 + 12.6 uGy/MBq). In mice, high
absorbed doses were observed in the small intestine
(38.5 uGy/MBq), liver (25.5 pGy/MBq) and urinary blad-
der wall (43.1 uGy/MBq) for [**F]FACT (Table 3).

Figure 5 Decay-corrected brain PET images of subject no. 3 at different time points. ,
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Table 3 Absorbed doses in the source crgans
Human Mouse
All subjects (n = 6) Male Female
(n=3) (n=3)
Organ
Adrenal gland 1.96E01 + 2.00 2.03E01 1.90E01 1.35E01
Brain 991 = 1.82 895 1.09E01 417
Breasts 8.69 + 255 668 1.07E01 9.90
Gallbladder wall 333E02 £ 251E02 2.16E02 4.50E02 1.68E01
Lower large intestine wall 2.52E01 £ 1.26E01 241E01 2.63E01 1.57E01
Small intestine 336E01 + 3.07E01 2.07E01 464.E01 3.85E01
Stomach wall 161E01 = 344 1.35E01 1.87E01 1.39E01
Upper large intestine wall 298E01 + 1.50E01 2.36E01 3.59E01 1.83E01
Heart wall 1.62E01 £ 1.70 1.50E01 1.74E01 8.34
Kidneys 2.01E01 + 430 1.85E01 2.17E01 1.32E01
Liver 7.75E01 + 1.45E01 7.38E01 8.11E01 2.55E01
Lungs 146E01 + 1.10 1.49E01 1.43E01 7.96
Muscle 1.03E01 = 1.27 1.07E01 990 7.89
Ovary 1.67E01 + 6.65 1.18E01 2.16E01 1.67E01
Pancreas 232E01 £ 311 217801 247E01 1.45E01
Red marrow 1.31E01 + 1.70 1.16E01 1.46E01 1.23E01
Osteogenic cells 1.60E01 * 3.65 1.25E01 1.95E01 1.82E01
Skin 7.30 + 1.39 599 8.60 8.70
Spleen 1.37E01 + 248 1.27E01 1.48E01 7.83
Testis 732+ 216 732 = 1.15E01
Thymus 1.00E01 + 1.85 837 1.16E01 1.08E01
Thyroid 836 + 138 8.86 7.86 1.10E01
Urinary bladder wall 2.23E01 £7.33 1.81E01 2.66E01 431E01
Uterus 1.67E01 = 813 1.14E01 2.19E01 1.77E01
Total body 1.38E01 + 1,63 1.22E01 1.53E01 1.22E01
Effective dose (uSv/MBq) 1.86E01 + 3.74 1.64E01 2.09E01

1.48E01

Averaged absorbed dose estimates (uGy/MBq) for the target organs from the whole-body PET data (n = 6) from experiments involving human subjects of ['*F]

FACT and mice of ['®FIFACT. Average absorbed dose for male subjects (n = 3).

The effective dose estimated from the human PET
study was 18.6 = 3.74 uSv/MBq. The effective doses of
[*®FJFACT estimated from the clinical PET studies
among other *F-labelled PET amyloid radioligands were
as follows: [**FJAV-45, 13 and 19.3 uSv/MBq [8,9]; [*°F]
GE067, 33.8 uSv/MBq [10]; and [**F]BAY94-9172, 14.67
uSv/MBq [11]. For PET analysis of [*'C]PIB, Scheinin
et al. normalised the %ID using the ratio of individual
and reference subjects’ body weights (Equation 4) [7].
However, in the present study, we did not normalise the %ID
data because there was a small difference between the
effective dose with normalisation (17.6 + 2.12 pSv/MBq)
and the present effective dose (18.6 + 3.74 pSv/MBq).
Therefore, we concluded that body weight normalisation
does not influence the effective dose.

The effective dose of [**FJFACT from the mouse ex-
periments (14.8 pSv/MBq) was underestimated as
compared with that from the human subject PET studies
(18.6 pSv/MBq) (Table 3). This discrepancy corres-
ponded to 0.76 mSv (2.96 and 3.72 mSv from mice and
humans, respectively) while assuming an injected activity
of 200 MBq as a clinically relevant dose. The underesti-
mation of absorbed dose in the mouse gallbladder (20
times lower) and liver (3 times lower) relative to the
human PET studies may have been responsible for the
underestimation of the effective dose. High absorbed
doses in the liver, gallbladder and small intestine of mice
indicated that the biodistribution pattern of [**FIFACT
in mice includes hepatobiliary excretion, as was observed
in the PET scans involving human subjects. However,
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the estimated absorbed dose in the gallbladder was 20
times lower than the estimate from human subject data
sets because we could not remove the gallbladder of the
mouse. Therefore, to evaluate the effective dose of [**F]
FACT in target organs, a whole-body PET scan of hu-
man subjects may be preferable as compared with the
extrapolation from mouse experiments.

Clinical applicability of ['®FIFACT

The present whole-body PET study was performed using
healthy elderly subjects and not patients with AD. Previ-
ously, Koole et al. speculated that if brain uptake of F
amyloid ligand increased by a factor of three, this will only
influence estimation of the effective dose within 1%; how-
ever, when the subject had taken medication that changed
the function of the hepatic metabolism, the estimated
effective dose will vary with a larger range [10].

In the present series of PET studies, brain PET scans
using the 3D mode were performed between the first
and the second emission scan. Therefore, the injected
dose for 2D whole-body scans was set to lower level
than usual, and the averaged injected activity of 160.8
MBq corresponded to a radiation dose of 2.99 mSv
per single administration. With regard to the optimal
injected activity that can ensure sufficient image quality
for clinical use, the peak noise-equivalent counts ratio
(NECR) is often used in its determination. It has also
been reported that the peak NECR in 2D mode was not
reached with an acceptable range of injected activity,
whereas in 3D mode, there was a distinct maximum for
the NECR for which the corresponding injected activity
was based on patient height and weight [19]. For the
scanner used in our study, the NECR peak in 3D mode
was reached at 4.44 kBq/ml using an 8,000-ml phantom
[13]. When the subject's height and weight were as-
sumed to be 170 cm and 60 kg, respectively, this as-
sumption corresponded to the optimal injected dose of
about 260 MBq. In a real situation, there exists the effect
of the activity outside the axial FOV, and the optimal
injected dose would be much lower. Injected activity in-
dicates radiation dose; for example, 200 MBq indicates a
radiation dose of 3.72 mSv. ICRP 62 [20] recommended
that the maximum radiation dose that causes a ‘minor to
intermediate’ increase of risk levels while preserving so-
cial benefit levels that are ‘intermediate to moderate’ has
an effective limit of 10 mSv/year [20,21]. Thus, the max-
imum injectable activity is 537.6 MBq [**F]JFACT /year,
and this injection dose limit allows two or three PET
scans to be performed. Furthermore, amyloid imaging is
mainly undertaken in elderly patients aged >50 years,
even though for early detection of AD, patients aged <50
years will also have an amyloid PET scan. According to
the guidance on medical exposures in medical and bio-
medical research by the European Commission [22],
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dose restrictions for patients aged over >50 years are not
as strict as for younger patients. Therefore, considerably
more multiple PET scans may be possible.

Conclusions
The effective dose of the '*F-labelled amyloid imaging agent,
[**FJFACT, was found to be acceptable for clinical study.
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Abstract

Purpose: The aims of this study were to evaluate the binding and pharmacokinetics of novel "®F-
labeled ethenyl-benzoxazole derivatives (i.e., ['®F] fluorinated amyloid imaging compound of
Tohoku university (['®F]FACT)) as amyloid positron emission tomography (PET) tracers and to
assess ['®FJFACT efficacy in imaging of Alzheimer's disease (AD).

Procedures: Binding assay was conducted using synthetic amyloid-B (AB) fibrils, fluorescence
microscopy, and autoradiogram in three postmortem AD brains. Pharmacokinetics of ['®FJFACT was
assessed using 12 Crj:CD-1 (ICR) mice. /n vivo binding ability with brain amyloid was investigated
using amyloid precursor protein (APP) transgenic mouse. Clinical PET scanning using ['®FJFACT was
performed in ten healthy controls and ten mild cognitive impairment and ten AD patients.

Results: ["®FJFACT showed high binding affinity for synthetic A fibrils, preferential binding to
dense cored plaques in brain sections, and excellent brain uptake and rapid clearance in mice.
Injection in APP mice resulted in specific in vivo labeling of amyloid deposits in the brain. PET
scans of AD patients showed significantly higher ['®F]JFACT uptake in the neocortex compared
to controls (P<0.05, Kruskal-Wallis test).

Conclusion: ['®F]FACT is a promising agent for imaging dense AB plaques in AD.

Key words: Alzheimer’s disease, Amyloid, Early diagnosis, Positron emission tomography

Introduction the exact mechanisms underlying pathogenesis of AD are
not fully understood, formation of brain amyloid plaques
through aggregation and deposition of amyloid-p protein

Izheimer’s disease (AD) is an age-dependent and (AP) is considered to be the initial pathogenic event that may
irreversible neurodegenerative disorder leading to ~ Precede the appearance of clinical AD symptoms by

deterioration of memory and cognitive function. Although  decades. Recently, new criteria for diagnosing AD were
proposed by the National Institute on Aging—Alzheimer’s

_ Association workgroups [1]. The new diagnostic criteria
Correspondence to: Nobuyuki Okamura; e-mail: nookamura@med.tohokuw.acjp include the use of biomarkers for amyloid deposition to aid
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in diagnosis of AD. Thus, in vivo detection of amyloid
depositions with positron emission tomography (PET) has
received much attention as a potential technology for early
or presymptomatic diagnosis of AD. For this purpose, a
number of radiotracers for AP aggregates have been
synthesized and evaluated as candidates for PET amyloid
imaging agents, and some of these are undergoing clinical
investigation [2—4].

Among them, N-methyl-[''C]-2-(4'-methylaminophenyl)-
6-hydroxybenzothiazole ([''C]Pittsburgh compound B,
["'CIPiB) is currently the most widely used in clinical
research [5]. Labeling of PET tracers with BE (T10=
109.8 min) allows time for their delivery to numerous PET
centers and contributes to spreading their use. Several *F-
labeled amyloid PET tracers, including [‘*F]flutemetamol,
[**F]florbetaben, ['*Flflorbetapir, and [*F]AZD4694, have
been developed, and to date, ['*F]florbetapir has become
commercially available [6-9]. An increasing number of PET
studies in humans have clearly demonstrated that amyloid
PET is a potentially useful technique to visualize and
quantify the distribution of AP plaques of AD patients [5].
In addition, a proportion of elderly normal subjects present
with [''C]PiB retention in the neocortex [10—12], suggesting
that amyloid PET is potentially useful for presymptomatic
detection of AR pathology. Although neocortical PiB
retention is considered as a high risk for future cognitive
decline, not all PiB-positive normal individuals are destined
to develop dementia. Some additional biomarkers are thus
necessary for accurate prediction of future conversion to
dementia. According to previous histopathological study,
progression to dementia is associated with a shift from non-
fibrillar to fibrillar amyloid deposits in the brain [13]. Thus,
selective detection of dense fibrillar amyloid might be
advantageous for predicting progression to dementia.

Previously, we had succeeded in developing a unique
scaffold of a radioligand, [''C]2-(2-[2-dimethylaminothia-
zol-5-yl]etheny1)-6-(2-[fluoro]ethoxy )benzoxazole ([''C]BF-
227), as an amyloid imaging probe [3, 14]. Our previous
study demonstrated that AR deposits in AD patients can be
clearly detected by [''C]BF-227 PET [15]. Neocortical [''C]
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BF-227 retention was further observed in subjects with mild
cognitive impairment (MCI) [16]. Using [''C]BF-227 PET,
we achieved a sensitivity of 100 % and a specificity of
71.4 % in distinguishing MCI converters to AD from MCI
non-converters [17], suggesting the usefulness of this
radiotracer for accurate prediction of future progression to
dementia. To further take advantage of this imaging
potential, especially in a large clinical study, we anticipated
that a '®F-labeled derivative of BF-227 would be valuable
due to the longer half-life of "8F compared with ''C.

In this study, we performed a biological evaluation of
a series of '®F-labeled 2-ethenyl-benzoxazole derivatives
(Fig. 1) to select a candidate for clinical application. The
one selected, ['*F]Fluorinated Amyloid Imaging Com-
pound of Tohoku University (['*FJFACT), was further
evaluated for its binding characteristics with AP fibrils
and plaques and then for its clinical utility as a probe for
imaging amyloid in AD.

Methods

Radiosynthesis of 'F-Labeled 2-Ethenyl-
Benzoxazole Derivatives

The chemical structures of the 2-ethenyl-benzoxazole derivatives
are summarized in Fig. 1. The compounds and their precursors for
'%F_labeling were synthesized according to the method described
previously [18]. **F-labeled compounds were prepared according to
the following method. The aqueous '*F~ contained in K,COs
solution (1.27 to 3.28 GBq) and Kryptofix 2.2.2 were put into a
brown vial, and then the water was azeotropically removed with
acetonitrile by heating at 110 °C and He-gas flow. After drying, the
activated ["*FIKF/Kryptofix 2.2.2. was reacted with a tosylate
precursor in dimethyl sulfoxide (DMSO) at 110 °C for 10 min,
followed by addition of water to quench. The product was extracted
by solid-phase extraction with Sep-Pak 'C18 cartridge (Waters) and
then eluted with ethanol. The '*F-labeled compound was separated
from the eluent by semi-preparative reversed-phase high-perfor-
mance liquid chromatography (RP-HPLC), isolated from the
collected fraction by solid-phase extraction with Sep-Pak 'C18
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cartridge, and finally dissolved in DMSO or saline with polysor-
bate-80 (<0.1 %) for biological evaluation.

["'CIBF-227 was synthesized from the precursor by N-methyl-
ation with [''C]methyl triflate in DMSO and separated from the
crude mixture by semi-preparative RP-HPLC, as described previ-
ously [15]. The purified ["*FJFACT and [''C]BF-227 were
solubilized in isotonic saline containing 1 % polysorbate-80 and
5 % ascorbic acid and then filter-sterilized with 0.22 pm Millipore
filter for clinical use.

Fluorescent Staining

Postmortem brain tissue from a 69-year-old man with autopsy-
confirmed AD was obtained from Fukushimura Hospital (Toycha-
shi, Japan). Experiments were performed under the regulations of
the hospital ethics committee. Serial sections (6 pm) taken from
paraffin-embedded blocks of the temporal cortex were prepared in
xylene and ethanol. Before staining with test compounds, quench-
ing of autofluorescence was performed. The quenched tissue
section was immersed in 100 uM of test compounds containing
50 % ethanol for 10 min. The stained section was then dipped
briefly into water before coverslipping with FluorSave Reagent
(Calbiochem, La Jolla, CA, USA) and examination using an
Eclipse E800 microscope (Nikon, Tokyo, Japan) equipped with a
V-2A filter set (excitation 380 to 420 nm, dichroic mirror 430 nm,
long pass filter 450 nm). An adjacent section was immunostained
using 4G8 (Signet, Dedham, MA, USA), a monoclonal antibody
against AP. After pretreatment with 90 % formic acid for 5 min,
sections were immersed in blocking solution for 30 min and then
incubated for 60 min at 37 °C with 4G8 at a dilution of 1:100. After
incubation, sections were processed with biotinylated anti-mouse
1eG (Wako) for 60 min, followed by Texas Red-conjugated
streptavidin (Vector Laboratories, Burlingame, CA, USA).

In Vitro Autoradiography

A temporal brain section from a 76-year-old female AD patient was
incubated with 1.85 MBg/ml of [**FJFACT at room temperature for
20 min and then washed briefly with water and 70 % ethanol. After
drying, the labeled section was exposed to a BAS-III imaging plate
(Fuji Film, Tokyo, Japan) for 120 min. Autoradiograms were
obtained using a BAS-5000 phosphor imaging instrument (Fuji
Film, Tokyo, Japan). Neighboring sections were immunostained
using 4G8 anti-Af monoclonal antibody. After incubation with
4G8, sections were processed by the avidin-biotin method using a
Pathostain ABC-POD(M) Kit (Wako, Osaka, Japan) and diamino-
benzidine tetrahydrochloride.

In Vitro Binding Study

Amyloid B4 (Peptide Institute, Inc., Japan) was dissolved in
50 mM potassium phosphate buffer (pH 7.4) to a final concentra-
tion of 20 puM. To prepare amyloid fibrils, the solution was
incubated at 37 °C for 4 days at 85 rpm and then sonicated to
obtain a uniform suspension. The fibril solution was diluted to
2 uM with phosphate-buffered saline (PBS) containing 0.1 %
bovine serum albumin (BSA). For saturation binding assay, 100 pl
of the fibril solution was mixed with [lgF]FACT solution (0.2 to
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800 nM, PBS containing 0.1 % BSA and 2 % DMSO, 100 ul) in a
96-well plate. Non-specific binding was defined in the presence of
2 uM FACT in the final solution. The mixture was incubated for
40 min at room temperature and then was passed through the glass
filter plate under vacuum with MultiScreen HTS Vacuum Manifold
(Millipore Corp., USA), followed by washing with PBS containing
0.1 % BSA twice. Radioactivity of the filter was counted with an
automatic gamma counter. The binding data were analyzed with
curve-fitting software that calculates the Ky and By, using non-
linear regression (GraphPad Prism Version 5.0, GraphPad Soft-
ware, San Diego, CA, USA).

Biodistribution Study in Normal Mice

The experimental protocols were reviewed by the Committee on the
Ethics of Animal Experiments at Tohoku University School of
Medicine and performed in accordance with the Guidelines for
Animal Experiments issued by the Tohoku University School of
Medicine. Male Crj:CD-1 (ICR) mice (6 weeks old, 25 to 30 g, n=12)
were injected in a lateral tail vein with '*F-labeled test compounds
(370 to 740 kBq) contained in isotonic saline (0.2 ml). The mice were
sacrificed by cervical dislocation following heart puncture to obtain
blood samples at 2, 30, and 60 min postinjection (n=4 at each
time point). Tissues of interest were excised and weighed, and
the radioactivity was counted in an automatic gamma-counter.
Radioactivity uptake data are expressed as percent of injected dose
per gram of tissue (%ID/g).

Autoradiography of AP Deposits in Living
Transgenic Mice

An amyloid precursor protein (APP) transgenic (Tg) mouse
(female, 31 months old) and a wild-type littermate (female,
31 months old) were injected with [ISF]FACT (37 MBq) via
tail vein. The mice were sacrificed by cervical dislocation at
2 h postinjection, and the brains were rapidly excised and
frozen in liquid nitrogen. Frozen sections of 20 um thick were
prepared from the brains for ex vivo autoradiography. Auto-
radiograms were obtained in the same manner described above.
The sections used for autoradiography were then subjected to
fluorescent staining with thioflavin-S according to the previ-
ously described method [19].

Clinical PET Study Using [F*F]FACT

Ten patients with amnestic MCI, ten patients with AD, and ten
normal age-matched controls participated in the clinical PET study
using ['*F]JFACT. Please refer to Table | for characteristics of
participants. [*'C]BF-227 PET scan was additionally performed in
two patients with AD (70-year-old woman (MMSE score 17) and
79-year-old man (MMSE score 20)) and | normal control subject
(60-year-old man (MMSE score 30)). The average time interval
between ['*F]JFACT and [''C]BF-227 PET scans was 126 months.
Diagnosis of probable AD was based on criteria from the National
Institute of Neurological and Communicative Disorders and Stroke
and the Alzheimer’s Disease Related Disorders Association [20].
The diagnosis of amnestic MCI was made according to published
criteria described previously [21]. The control subjects were
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Table 1. Subjcct and patient demographics in [**FJFACT PET comparisons

NC MCI AD
N 10 10 10
Gender (F/M) 4/6 773 773
Age (ycars) 69.8+8.8 (60-89) 74.2+8.8 (57-89) 74.5+4.6 (66-81)
MMSE score 29.920.3 (29-30) 26.4x1.1 (24-28) 19.823.0 (15-24)

recruited from volunteers who were taking no centrally acting
medications, had no cognitive impairment, and had no cerebrovas-
cular lesions, including asymptomatic cerebral infarction on T2-
weighted studies, identified vie MRI1. All volunteers were screened
using a questionnaire and medical history, and those with medical
conditions potentially affecting the central nervous system were
excluded. The Committee on Clinical Investigation at Tohoku
University School of Medicine and the Advisory Committee on
Radioactive Substances at Tohoku University approved the study
protocol. After complete description of the study to the patients and
subjects, written informed consent was obtained.

Image Acquisition Protocols

["*FJFACT-PET and [''C]BF-227-PET study was performed using
a SET-2400W PET scanner (Shimadzu, Kyoto, Japan). After
intravenous injection of 111-185 MBq of ['*FJFACT or 211-
366 MBq of [''C]BF-227, dynamic PET images were obtained for
60 min (23 sequential scans; 5 scansx30 s, 5 scansx 60 s, 5 scans %
150 s, and 8 scansx300 s) with the subject’s eyes closed. SUV
summation images at 0~10, 10-20, 20-30, 30-40, 40-50, and 50—
60 min postinjection were created for the analysis of tracer uptake.
Tl-weighted MR images were obtained using a SIGNA 1.5 T
machine (General Electric, Milwaukee, W1, USA).

Image Analysis

Firstly, standardized uptake value (SUV) images of ['**F]JFACT and
[''C]BF-227 were obtained by normalizing tissue radioactivity
concentration by injected dose and body weight. Subsequently,
individual MR images were anatomically coregistered into individ-
ual PET images using Statistical Parametric Mapping software
(SPMS: Welcome Department, UK). Regions of interest (ROls)
were placed on individual axial MR images in the cerebellar
hemisphere, frontal cortex [Brodmann's areas (BA) 8, 9, 10, 44, 45,
46, and 47], lateral temporal cortex (BA 21, 22, 37, and 38),
parietal cortex (BA 39 and 40), occipital cortex (BA 17), anterior
cingulate cortex, posterior cingulate cortex, medial temporal cortex
(BA 27, 28, 34, and 35), striatum, pons, and subcortical white
matter, as described previously [15]. The ROI information was then
copied onto dynamic PET SUV images, and regional SUVs were
sampled using PMOD software (PMOD Technologies, Ltd.,
Zurich, Switzerland). The ratio of regional SUV to cerebellar
SUV (SUVR) was calculated as an index of tracer retention.
Averaged SUVR in the frontal, temporal, parietal, and posterior
cingulate cortices was considered representative of tracer retention
in the neocortex (neocortical SUVR). The inter-rater reliability for
the ROI measurement was tested between two raters (N.O. and
K.S.) in seven subjects and patients. The intra-class correlation
coefficient was 0.95.
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Statistical Analysis

For statistical comparison in the three groups, we applied the
Kruskal-Wallis test followed by Dunn’s multiple comparison test.
Differences of time activity curves (TACs) in ['°F]JFACT PET were
also evaluated by repeated measures ANOVA followed by the
Bonferroni-Dunn post hoc test. For statistical comparisons of PET
measurements in control and AD groups, we used the Mann-
Whitney U test. Effect size coefficients (Cohen’s d) were also
calculated for the evaluation of group differences in PET measure-
ments. Statistical significance for each analysis was defined as P<
0.05. Correlations between ['*FJFACT and [''C]BF-227 SUVR in
the frontal, temporal, parietal, and occipital cortices of three
subjects (two AD and one normal control) were determined using
Pearson’s correlations. A linear model was applied to the data to
obtain a correlation coefficient and p value. These analyses were
performed using GraphPad Prism5 software (GraphPad, San Diego,
CA, USA).

Results

Radiosynthesis

'8F_labeled 2-ethenyl-benzoxazole derivatives (Fig. 1) were
obtained in yields of 32 % on average (21 to 44 %, decay-
corrected) with radiochemical purity greater than 99 % after
HPLC purification. The specific activities ranged 70 to
180 GBqg/umol, corrected at the end of synthesis.

In Vitro Binding to Ap Plaques in AD Brain
Sections

Binding ability of 2-ethenyl-benzoxazole derivatives to AP
plaques was examined using AD brain sections from a 69-
year-old man with autopsy-confirmed AD. As shown in
Fig. 2a, c, dense cored plaques (arrowheads) were clearly
stained with FACT. In particular, AP plaque cores were
brightly stained with this compound. The fluorescent
staining pattern of FACT correlated well with Ap immu-
nostaining (Fig. 2b) and thioflavin-S staining (Fig. 2d) in
adjacent sections. Other compounds produced similar results
in the histopathological staining of AD brain sections from a
69-year-old man with autopsy-confirmed AD.

In vitro autoradiography at tracer dose indicated ['*F]
FACT binding to dense AP deposits (arrowheads) in AD
temporal brain sections from a 76-year-old female AD
patient (Fig. 2e-h). Tracer signals were additionally detected
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Fig. 2. a-d Fluorescence microscopy images of AD brain sections from a 69-year-old man with autopsy-confirmed AD stained
with FACT (a, c), anti-AB (4 G8) antibody (b), and thioflavin-S (d). Arrowheads delineate dense cored plaques, respectively. e—
h Autoradiogram of AD brain section from a 76-year-old female AD patient with ['®F]FACT (e, g) and images of the adjacent
section immunostained with anti-AB (4 G8) antibody (f, h). Arrows and arrowheads delineate congophilic amyloid angiopathy
and dense cored plagues, respectively. Bars 100 pm (a—d), 2 mm (e—f), 200 pm (g-h).

in congophilic amyloid angiopathy (arrows). These results
indicated that FACT and its derivatives had an ability to
detect pathological dense AP deposits in AD brain tissue.

Binding Affinity to Synthetic AP Fibrils

Binding properties of ['*FJFACT with AP fibrils were
investigated by in vitro binding assay. Scatchard analysis
of FACT binding to AP fibrils showed two classes of
binding sites: a high-affinity site (K4=9.4 nM; Bp.=
0.16 pmol/nmol of AP) and a low-affinity site (K4=
263 nM; B,x=1.52 pmol/nmol of AB).

Biodistribution Study in Normal Mice

Two important properties of an amyloid imaging probe are
rapid brain uptake and rapid clearance from the normal brain
without non-specific binding. These properties of the g
labeled 2-ethenyl-benzoxazole derivatives were evaluated by
biodistribution studies in 12 normal mice (n=4 at each time
point). The radioactivity uptake in the blood, brain, liver,
kidney, and bone is summarized in Table 2. Regarding brain
uptake, all of the '®F-labeled derivatives showed rapid and
sufficient brain uptake (4 to 6 %ID/g at 2 min) and smooth
washout after that. However, the brain uptake at 60 min varied
from 0.28 to 1.68 %ID/g, suggesting a different clearance
property in normal brain. Among the derivatives, ['*FIFACT
indicated the highest ratio of brain uptakes at 2 min to that at
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60 min (4.64/0.28=16.6). Additionally, mice injected with
["*F]FACT exhibited no increase of the radioactivity uptake in
bone with time, unlike with [**F]BF-227, suggesting that ['*F]
FACT has good stability in regard to metabolic defluorination
in vivo. Thus, we selected ['*F]JFACT as the candidate for the
clinical comparisons.

Autoradiography of AP Deposits in Living
Transgenic Mouse

In vivo binding ability of ['*FJFACT with amyloid plaques
was evaluated in the APP-Tg mouse. Autoradiographic
images of the APP-Tg mouse brain post-intravenous
injection of ['*F]JFACT displayed high uptake of the labeling
compound in the cortex and hippocampus (Fig. 3a). In
contrast, no notable binding was observed in the brain of
wild-type mouse (Fig. 3b). These ["®FJFACT binding results
in APP-Tg mouse brain corresponded closely with those of
in vitro thioflavin-S staining in the same brain sections
(Fig. 3c, d). These results warranted further clinical
investigation of ['**F]JFACT PET in AD patients.

Clinical PET Study Using ["*FJFACT

Demographic data for the participants are summarized in
Table 1. No statistical difference in age was observed among
the three groups. MCI and AD patients had significantly
lower mean MMSE scores than normal controls (P<0.03,
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Table 2. Biodistribution of '*F-labeled compounds in mice

Tracers Time (min) Radioactivity uptakes (%ID/g)
Blood Brain Liver Kidney Bone
['*F]BF-227 2 2.93+0.08 6.05+0.45 7.97£1.59 9.63+0.89 1.59+0.27
30 2.14+0.17 1.91£0.05 3.75+0.42 3.0420.13 4.38x1.24
60 2.09+£0.15 1.67+£0.14 5.48+0.23 2.42+0.20 7.04+0.75
['*FJTHK-525 2 2.82+0.38 4.73x1.32 5.93+1.40 7.72+2.44 1.77=0.87
30 2.20+0.24 2.05+0.16 3.55£0.60 2.3220.18 6.74£2.20
60 1.91+0.29 1.68+0.15 2.47+0.23 1.48+0.14 9.65+0.89
['®FITHK-702 2 3.34£0.13 4.15+0.28 7.53£0.50 13.6+0.88 1.95=0.34
30 1.06=0.19 0.53+0.03 4.55£0.39 1.58+0.64 0.920.11
60 0.67=0.08 0.35+0.04 3.65+0.72 0.65+0.09 1.16=0.70
['8F]THK-727 2 2.94+0.33 4.06=0.26 9.89:4.16 11.4£1.35 2.08+0.39
30 1.52£0.10 1.04+0.08 6.68+1.22 2.47x0.36 6.61£0.79
60 0.66+0.10 0.69+0.02 4.04x1.87 0.98+0.14 9.33+1.34
[**FIFACT 2 3.65+0.66 4.64£0.55 9.38+0.43 10.2+1.05 1.84+0.18
30 1.19£0.49 0.53+0.11 11.3£1.32 4.17+0.44 0.88+0.07
60 0.64+0.13 0.28=0.04 14.1£0.55 3.2520.27 1.38+0.46

Data are cxpressed as mean£SD (#=4 at cach time point)

Kruskal-Wallis test). AD patients additionally had signifi-
cantly lower mean MMSE scores than those with MCI (P<
0.05, Kruskal-Wallis test). No toxic events were observed in
the current clinical trial. The SUV-TACs from ['*F]JFACT-
PET in AD patients and normal control subjects are shown
in Fig. 4. Both groups showed rapid entry of ['*F]FACT into
the neocortex and cerebellum. In the AD patients, the
temporal cortex, known to contain high concentrations of
fibrillar amyloid plaques in AD, showed retention of ['*F]
FACT during the later time points compared with the
cerebellum (Fig. 4a). In contrast, TACs in the temporal
cortex and the cerebellum were nearly identical in normal

subjects (Fig. 4b). The subcortical white matter regions
showed relatively lower entry and slower clearance than
gray maltler areas, but no difference in TACs between AD
patients and normal controls.

SUVR in the lateral temporal cortex of AD patients was
significantly higher over 10 min postinjection of [**FJFACT
than those of normal controls (p<0.05, Mann—Whitney U
test) and reached maximum value at 30 to 40 min
postinjection (Fig. 4c¢). Effect size between AD and normal
controls showed the highest value at 30 to 40 min
postinjection of [!*FJFACT (Table 3). The ratio of SUVR
in AD to SUVR in normal controls became constant after

Fig. 8. Ex vivo autoradiograms of brain sections from APP transgenic (Tg) mouse (a) and wild type mouse (b). The brains were
excised at 2 h after intravenous injection of ['®F]FACT. AB plaques in APP-Tg mouse brain were clearly stained with thioflavin-S

(c). A merged image of a and ¢ is shown in d.
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Fig. 4. Time activity data for ['®FIFACT PET in humans. Time activity curves of ['F]FACT in ten AD patients (a) and ten normal
controls (b) are shown, Each point represents the mean=standard deviations of data. Time course of ['®FJFACT SUVR in the
lateral temporal cortex (¢} and AD vs normal ratio of SUVR in the lateral temporal cortex (d) are also shown. *P<0.05 by the

Mann-Whitney U test.

30 min (Fig. 4d). Based on these results, we sclected
summed dynamic images from 30 to 40 min for the ROI
analysis of PET data.

SUVR images of ['**F]FACT for a normal control subject
(a 60-year-old man, MMSE score 30) and an AD patient
(70-year-old woman, MMSE score 17) are shown in Fig. 3a.
Cortical retention of ["*FJFACT at 30 to 40 min postinjec-
tion was evident in the AD patient, as contrasted with the

Table 3. Time course of lateral temporal ['*FJFACT SUVR and effect size
measurcs in ten normal controls and ten AD patients

Time (min) Normal control AD Cohen’s d
30-40 1.07+0.06 1.22+0.05* 2.67
40-50 1.08+0.06 1.23x0.06% 2.37
50-60 1.09£0.06 1.23£0.06% 234

*P<0.05 by the Mann-Whitney U test
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images of the normal control subject. This pattern of distribution
was consistent with the distribution of [''CJBF-227 at 30 to
40 min postinjection in the same subject and patient pair
(Fig. 5a). The SUV-TACs from ['*F]JFACT-PET were com-
pared with those from [''C]BF227-PET in the same AD patient
(70-year-old woman, MMSE score 17). As shown in Fig. 5b,
["*F]JFACT showed faster washout from both temporal cortex
and cerebellum than [''C]BF-227. The regional SUVR of ['*F]
FACT at 30 to 40 min postinjection was compared with that of
["'C]BF-227 at the same time frame. SUVR values in the
frontal, temporal, parietal, and occipital cortices of three subjects
(two AD and one normal control) were used for this analysis. As
shown in Fig. 5¢, regional SUVR of ['*F]JFACT were
significantly correlated with that of [''C]BF-227 (Pearson’s r=
0.931, P<0.001) in these three subjects.

In the quantitative comparison of regional SUVR 30 to
40 min post-administration, the values for the frontal, lateral
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control (60-year-old man, MMSE score 30) subjects (Pearson’s r=0.931, P<0.001).

temporal, parietal, occipital, and anterior and posterior
cingulate cortices were significantly greater in AD patients
than in the normal controls (Table 4). In addition, the
SUVRs for the lateral temporal, parietal, occipital, and
anterior and posterior cingulate cortices were significantly
greater in AD patients than in those with MCIL. As shown in

Fig. 6, averaged neocortical SUVR was also significantly
greater in AD patients than in normal control subjects and
MCI (P<0.05, Kruskal-Wallis test). MCI patients addition-
ally showed significantly greater SUVR in the lateral
temporal and frontal cortices than normal subjects, but not
significant in other brain regions (P<0.05, Kruskal-Wallis

Table 4. Regional SUVR (30 to 40 min postinjection) and effect size measures of ['®*FJFACT in ten normal controls and ten MCI and ten AD patients

Normal control MCI AD Cohen’s d NC vs. AD
Frontal 1.00+0.10 1.09£0.04* 1.15=0.06% 1.82
Lateral temporal 1.05£0.08 1.13£0.06* 1.210.05%%* 2.40
Parictal 1.07+0.07 1.13£0.07 1.21£0.08%%* 1.86
Occipital 1.09+0.08 1.07£0.06 1.17£0.05%%* 1.20
Anterior cingulate 1.08+0.07 1.12£0.08 1.21£0.08%** 1.73
Posterior cingulate 1.15+0.07 1.17£0.06 1.30£0.07%** 2.14
Medial temporal 1.10£0.05 1.13+0.04 1.15£0.09 0.69
Striatum 1.3120.11 1.30=0.06 1.35£0.12 0.35
Pons 1.55+0.15 1.57£0.10 1.54£0.09 0.08
White matter 1.50+0.21 1.47=0.11 1.5220.13 0.12
Neocortex 1.0420.07 1.12£0.05 1.19£0.05%** 2.47

*P<0.05 (vs normal control group) and **P<0.05 (vs MCI group) by the Kruskal-Wallis test followed by Dunn’s multiple comparison test
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by the Kruskal-Wallis test followed by Dunn’s multiple
comparison test.

test). The SUVR in the medial temporal cortex and striatum
showed the tendency to be greater in AD patients, but this
was not significant. The SUVR in the pons and white matter
was nearly identical in AD, MCI, and normal subjects.
Effect size value between AD and aged normal subjects was
the highest in the lateral temporal cortex (2.40), followed by
the posterior cingulate (2.14), parietal (1.86), frontal (1.82),
and anterior cingulate (1.73) and occipital (1.20) cortices
(Table 4).

Discussion

The current study demonstrated that ['FJFACT PET can be
used to detect AD pathology in AD patients and to confirm
its absence in cognitively unimpaired elderly people. We
previously reported the ability of [''C]BF-227-PET to detect
AR deposits in the brains of AD patients [15]. The current
study has further demonstrated the binding preference of
['®F]FACT to dense AP plaques in the brains of AD patients.
A similar pattern of tracer distribution was observed between
['®FJFACT and [''C]BF-227 in AD patients, indicating that
["®FJFACT-PET could be substituted for [''C]BF-227-PET
for noninvasive detection of dense AP deposits in the brain
of AD patients. The correlation of ['*F]JFACT uptake in vivo
and brain pathology at autopsy should be examined in the
future. Our previous studies demonstrated the unique ability
of ["'C]BF-227 to detect certain forms of prion and o-
synuclein protein deposits [22, 23]. Further study will be
required to validate the practical usefulness of ['*F]JFACT-
PET for noninvasive detection of these protein deposits.
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When a neocortical ["*FJFACT SUVR of 1.145 (1.5 SD
above control mean) was used as a cutoff, ['*FJFACT-PET
scan achieved a sensitivity of 90 % (nine of ten) and a
specificity of 100 % (ten of ten) in the discrimination
between AD patients and normal subjects. In one exception,
a 76-year-old female AD patient, MMSE score 24, showed
no remarkable retention of ['*FJFACT in the neocortex. This
is not surprising because approximately 10 to 20 % of
patients diagnosed as probable AD reportedly fail to meet
pathological criteria for AD at autopsy.

The amnestic subtype of MCI has a high risk of
progression to dementia, and it may constitute a
prodromal stage of AD [24]. Previous amyloid-PET
studies demonstrated a substantial amount of neocortical
tracer retention in 50 to 60 % of the MCI population,
which is comparable to the level in AD patients [10, 17].
In our study, about half of the MCI patients had elevated
neocortical ['*FJFACT retention, which was an interme-
diate level between the aged normal subjects and the AD
patients. This finding is in accord with the previous
neuropathological observation that the density of neuritic
plaque increased as a function of increasing dementia
severity [25]. The parent tracer [''C]BF-227 showed
neocortical retention to be a reliable indicator of disease
progression in MCI subjects in our previous study [17,
19]. Therefore, PET imaging with ['*FJFACT is also
expected to have a similar prognostic utility.

The amount of elevation of neocortical ['*F]JFACT
uptake in AD patients was approximately 14 to 15 %, far
less than PiB and other '®F-labeled amyloid-PET tracers.
This is probably due to the relatively low binding affinity
and B,y of this tracer with amyloid fibrils in comparison to
that of PiB (K4=1.02 nM, B,,x=0.61) [26, 27]. There is
considerable amount of tracer retention in the white matter,
which reflects non-specific binding of the compound to
myelin sheath. Because of modest specific binding of [**F]
FACT in the gray matter of AD patients, spillover from the
white matter could reduce the sensitivity for detecting
amyloid positive subjects. Use of early phase (30 to
40 min postinjection) images can compensate for this
because the relatively stronger signals in the gray matter
persist in this time interval. Partial volume correction may
also be able to improve the discriminatory power of ['*F]
FACT-PET by eliminating nonspecific signals in the white
matter. Another method to improve the sensitivity for
detecting specific signals in the brain is to create a statistical
map by comparison with a normal control database [19].

One of advantages of ['8FJFACT over BF-227 is its
rapid kinetic profile. ['®F]JFACT showed faster washout

from normal brain tissue than BF-227 (Fig. 5) probably

because of the lower lipophilicity of FACT (LogP=1.99+%
0.02) as compared to BF-227 (LogP=2.29+0.02). The
neocortical SUVR of ['®FIJFACT reached a peak at
30 min post-administration. This characteristic would also
contribute to reduced procedure and waiting times for
PET scans.
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Conclusion

We successfully developed a novel '®F-labeled ethenyl-
benzoxazole derivative, [1®FJFACT, as a PET tracer for
amyloid deposits. This tracer preferentially bound to dense
AP plaques in AD brain sections, visualized cortical amyloid
deposits in APP Tg mice, and demonstrated fast kinetics and
significant retention of [**F]JFACT in sites with predilection
for the deposition of dense amyloid plaques in AD patients
during clinical PET imaging. ['®F]JFACT PET distinctly
distinguished AD patients from normal individuals. These
findings suggest that ['*FJFACT may be usable for in vivo
detection of dense A plaques in AD brains.
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